The nucleotide sequences of the 5'-flanking regions of the duplicated Amy genes in eight sibling species belonging to the melunogaster species subgroup are analyzed. In Drosophila melanogaster, a region of about 450 bp immediately upstream of the translation initiation site of the two paralogous genes (the proximal and distal genes) has sequence similarities. However, we could not detect any significant sequence similarity in the region more upstream than -450. This result indicates that the coding regions of the ancestral Amy gene were duplicated together with 450 bp of the 5'-flanking region as one unit. Multiple alignment of these 450-bp sequences in the proximal and distal genes of all eight species revealed a mosaic pattern of highly conserved and divergent regions. The conserved regions included almost all the putative regulatory elements identified in previous analyses of the sequences. A phylogenetic analysis of the aligned sequences shows that these 450-bp sequences are clustered into the proximal and the distal groups. As a whole, the divergence between groups in this region is very large in contrast to that in the coding regions. Based on the divergence between groups, the 450-bp region is divided into two subregions. We found that the ratios of the divergence between groups to that within groups differ in the two subregions. From these observations, we discuss a possibility of positive selection acting on the subregion immediately upstream of the Amy coding region to cause divergence of regulatory elements of the paralogous genes.
Introduction

cr-Amylase in D. melunogaster
is encoded by duplicated Amy genes. The two genes are called the proximal and distal genes, respectively, and they are positioned in an inverted orientation (Gemmill, Schwartz, and Doane 1986; Langley et al. 1988) . The Amy genes of all eight species in the melanogaster species subgroup have the same structure with an inverted duplication (Payant et al. 1988) . Therefore, the duplication event of the Amy gene is considered to have predated the diversification of this species subgroup.
Members of gene families frequently evolve in a concerted fashion (Brown and Ish-Horowitz 198 1; Ohta 1983; Matsuo and Yamazaki 1989; Curtis and Bender 1991) . This is also the case for the coding regions of the duplicated Amy genes of the species in the melanogaster species subgroup (Hickey et al. 1991; Shibata and Yamazaki 1995) . However, an analysis of short 5' fragments of the Amy genes indicated that the 5'-flanking regions of the two Amy genes do not evolve in a concerted fashion, in striking contrast to the coding regions (Hickey et al. 1991; Shibata and Yamazaki 1995) . So the 5'-flanking regions of Amy genes seem to evolve in a different mode from those of the coding regions.
The genes controlling the amylase expression are known to be polymorphic like the Amy structural genes. Extensive polymorphisms are found in the specific activity (Abe 1958; Kikkawa 1964) , the inducibility Yamazaki and Matsuo 1984) , the glucose repression (Benkel and Hickey 1986 ) and ate restriction enzymes from phage DNA and subcloned into SK plasmid vectors. The inserted fragments in SK plasmids were deleted to appropriate sizes by exonuclease III and subcloned into M 13mp 18 and/-19 phage vectors using standard procedures.
Single-strand DNAs were prepared from these recombinant phages. The sequencing reactions were performed according to the modified dideoxy method (Sanger, Nicklen, and Coulson 1977) using a commercially available sequencing kit, BcaBEST (TAKARA), and a synthetic primer (17mer). The nucleotide sequences were determined in both strands of the subcloned DNA for the sake of preciseness.
Analysis of DNA Sequences
The dot-plot analysis was performed using the HarrPlot program in the sequence analysis package GE-NETYX. Evolutionary analyses of the sequences were carried out using a program package, ODEN (Ina 1994 ). The 5'-flanking sequences of the duplicated Amy genes of the eight species were aligned using the MALIGN program with manual improvement.
Genetic distances and the distance matrix were computed using the DISTN and DMATN programs, respectively, with the one-parameter method of Jukes and Cantor (1969) . The neighbor-joining tree (Saitou and Nei 1987) was constructed using the TREENJ program.
Results
Similarity of the Upstream Sequences of the Proximal and Distal Genes
In the following, to specify sites, we use the translation initiation site of the proximal gene of D. melanogaster as a reference point (1) with the upstream sites given negative values. We first performed the dot-plot analysis using the internal sequence between the proximal and distal Amy genes of D. melanogaster (Okuyama and Yamazaki, unpublished data) in order to detect any significant paralogy between the upstream regions of the two genes ( fig. 1 ). In this comparison, we used a stringency of 26 matches per 50 nucleotides (52.5%), which was found to be low enough to detect slight paralogy but high enough to eliminate the background noise. Even under this low stringency, there is no paralogy between the two sequences more upstream than about -450.
Although sites at which 5'-flanking sequences of both the proximal and distal genes of all species have the same nucleotide are rare in the region more upstream than -332, there are still sites at which more than 75% of the sequences have the same nucleotide in this region. These results suggest that the coding region of the ancestral Amy gene was duplicated together with only 450 bp of the upstream region. So we used the about 450-bp 5'-flanking region of the Amy genes for further analyses.
Multiple Alignment and Putative Regulatory Elements
In the 5'-flanking sequence of the proximal genes, sequences from 0 to the position corresponding to the Hind111 site located at -479 in the 5'-flanking sequence We next examined whether the putative regulatory elements identified from the nucleotide sequence of D. melanogaster (Boer and Hickey 1986; Hawley, Doane, and Norman 1992; Choi and Yamazaki 1994) are conserved among the species or not. In figure 2, they are indicated by boxes. The TATATAA sequence (box I), TATA box, at about -60 is conserved in the two flanking sequences of all eight species except in the proximal sequence (TATAAAA) and in the distal sequence (TTTATAA) of D. yakuba and D. teissieri. The putative CAAT box, CAAAT (box II), located at about -110 and -100 in the proximal and distal sequences, respectively, is completely conserved in the two flanking sequences of all eight species. GATAAG sequences (box III) located at about -130 and -115 in the proximal and distal sequences, respectively, are putative midgut specific regulators (Magoulas et al. 1993a) . They are also completely conserved.
CCAGTCAATACIGGTCTGC sequences (box IV) located at about -2 10 in the two flanking sequences are thought to be involved in glucose repression (Boer and Hickey 1986 ) and they are conserved except for one site each in the proximal and distal sequences of D. sechellia. In the distal sequence of D. melanogaster, there are tandemly triplicated CCAAT elements (box V) located between -269 and -294. They are common to many promoters (Santro et al. 1988; Lum et al. 1990 Lum et al. , 1992 Nagata et al. 1993) *tt *t******* *et**. ******t**tt l * *** l t* 1' *et t* **tt*.t l *t*t*t** .** l ****************** ******t
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The multiple alignment of all sequences of the eight sibling species belonging to the melanogaster species subgroup. The translation initiation sites of the two paralogous genes of D. melunogaster are chosen as reference points (1) with the upstream sites given negative values. Putative regulatory elements are boxed. A nucleotide common to all the proximal sequences or all the distal ones is denoted by an asterisk at the top or the bottom of the sequence, respectively. A nucleotide common to all sequences is denoted by an asterisk between the two groups of sequences. The horizontal arrow indicates the translation initiation codon and its orientation. The vertical arrow indicates the position of the border of regions 1 and 2. The sequences which were not used for further analyses are enclosed by a dotted box. '-yjij/ji; . . all eight species have one to three elements. In addition, the distal sequence of D. melanogaster has a TCACGC (box VI) which is similar to the hexamer homology sequence in the moth chorion genes (Mitsialis et al. 1987) and ATATAAATTA (box VII) which is similar to repeat motifs in the enhancer of the Adz gene (Corbin and Maniatis 1990 ). The former is conserved among the distal sequences except in D. orenu and D. yakuba and the latter is conserved among the distal sequences except in D. mauritiana.
Nucleotide Divergence
We first constructed a neighbor-joining tree of the 5'-flanking sequences ( fig. 3) . Apparently, they are phylogenetically classified into two groups depending on whether they are upstream of the proximal or distal amylase genes, which agrees with the previous result of Shibata and Yamazaki (1995) . We call the former the proximal sequences and the latter the distal sequences hereafter.
In order to quantify variation among species, we define the identity of a region as the proportion of sites at which all species have the same nucleotide.
In the proximal sequences, the identities were 0.781 for the first conserved region from 0 to -332, 0.096 for the nonconserved region from -333 to -384, and 0.587 for the second conserved region from -385 to -476. The same feature, a mosaic pattern of conserved and divergent regions, is also observed in the distal sequences. Namely, the identities were 0.751 from 0 to -353,0.368 from -354 to -429, and 0.708 from -430 to -477. If both proximal and distal sequences are compared, the identities are 0.387 from 0 to -332 and 0.096 from -333 to -446. Since the number of nucleotides which are common to all sequences drastically decreases in the region upstream of -332, we divided the 5'-flanking regions into two regions and call them region 1 (from -1 to -332) and region 2 (from -333 to -446), respectively. Table 1 shows genetic distances between each pair of the eight species in regions 1 and 2 along with those in the synonymous sites of the two Amy genes reported previously . The distances in the synonymous sites and region 1 are roughly equal between each pair except for those in the proximal sequences of the melanogaster complex (D. melanogaster, D. simulans, D. sechellia, and D. mauritiana). The distances in region 2 are larger than those in region 1 with only a few exceptions. These data conform to our original definition of regions 1 and 2 and suggest some functional significance of region 1. Table 1 also shows that region 1 in the proximal genes of the melanogaster complex is highly conserved.
In order to visualize the pattern of variation between the proximal and distal groups and those within the groups along the sequence, the average divergences within groups and nucleotide differences between groups were computed with a window size of 50 bp. The divergence within groups and nucleotide difference between groups are measured in the same way as the average number of nucleotide substitutions within a population (dx and dy) and the nucleotide differences between populations (dA) (see Nei 1987, p. 276) , respectively, by regarding groups as populations. Figure 4 shows divergences within and between the proximal and distal groups of the 5'-flanking region along the sequence with a window size of 50 bp. Note that sequences (insertions) which are not contained in the reference sequence (the proximal sequence of D. melanogaster) are included in figure 4 . Consequently, the coordinate is adjusted in figure 4 and the sequence positions do not correspond to each other in figure 2 and figure 4 . Figure 4 shows that there are two elements in region 1 which are highly conserved between the proximal and distal sequences; the first conserved element is located at around -110 and the second one is around -230 in figure 4. The former contains GATAAG element and the latter contains CCAGTCAATAU GGTCTGC element.
Comparison of Divergences Between and Within Groups in Regions 1 and 2
Figure 4 reveals that the ratios of the divergence between groups to that within groups are different in region 1 and region 2. The divergence between groups is due to substitutions which occurred after the gene duplication but before the initial diversification of the D. mehnogaster species subgroup, while the divergence within groups is due to substitutions which occurred after the diversification of the species subgroup. The divergence between the proximal and distal groups in region 1 seems to be larger than that in region 2. If the 5'-flanking region evolves through mutation and random genetic drift (Kimura and Ohta 1971; Kimura 1983 ) and the selective constraints are the same through time in region 1 and region 2, respectively, the two ratios should be equal. The observation suggests that this is not the case in the Amy 5'-flanking sequences.
In order to test this, we carried out the x2 test. The idea is similar to that of McDonald and Kreitman (1991) , in which the ratios of the synonymous to replacement substitutions between and within species are compared. In our case, we classify all nucleotide substitutions into Types I and II. Types I and II substitutions are defined as those which accumulated before (between groups) and after (within groups) the diversification of the melunogaster species subgroup, respectively. We estimate the numbers of the two types of substitutions based on the phylogenetic tree constructed from the coding regions of the Amy gene by Shibata and Yamazaki (1995) . The coding tree is more reliable for the determination of species branching than that constructed from the 5'-flanking region because of the larger size of the coding sequence, and agrees with that obtained from the Adz gene by Jeff, Holmes, and Ashburner (1994) . We assign each substitution to one of the branches of the tree. When there were two or more possibilities for assigning substitutions to branches at a site, we chose Evolution of Amy 5'-flanking Region 579 the assignment which gave the minimum number of substitutions. If two possibilities with the same number of substitutions existed, we chose the possibility which did not contain substitutions between the proximal and distal groups. This procedure makes the following test conservative.
The two types of substitutions were separately counted in regions 1 and 2 and tabulated in table 2. In order to test the null hypothesis that the ratios of Type I substitutions to Type II substitutions in the regions 1 and 2 are equal, we performed the x2 test of independence and the result is shown in table 3. In this analysis deletions and insertions are not counted. The x2 value is 6.16 and the null hypothesis that the ratios of Type I substitutions to Type II substitutions are the same in regions 1 and 2 was rejected (P < 0.02). Thus, our data suggest that either there are nonneutral substitutions or the selective constraint has changed through time.
Discussion
In the analysis of the 5'-flanking regions of the duplicated Amy genes in the mehnoguster species subgroup, we found that (1) about 450 bp of the 5'-flanking region of the ancestral Amy gene was duplicated together with the coding region, (2) the 5'-flanking regions do not seem to have experienced concerted evolution confirming the previous result of Hickey et al. (1991) and Shibata and Yamazaki (1995) , (3) 5'-flanking sequences show a mosaic pattern of highly conserved and highly divergent regions, and (4) the ratios of the nucleotide substitutions (Type I) that occurred before the diversification of the species subgroup to those (Type II) that occurred after the diversification are different in regions 1 and 2. Here, we consider implications of these findings.
All the putative regulatory elements previously identified are found to be well conserved among species and some of them (boxes I to IV) are also conserved between the proximal and distal sequences. Such putative elements are considered to be candidate sites for further molecular analyses (Dickinson 199 1; Jeff, Holmes, and Ashburner 1994) . In addition to these putative regulatory elements, there are regions which are well conserved among the eight species, especially in region 1. The high identity is in sharp contrast to the divergence found in region 2 and that of the diverged region of the A& 5'-flanking region of Jeff, Holmes, and Ashburner (1994) in which the same species subgroup was analyzed. Therefore, functionally important sequences are considered to be dispersed throughout region 1. This is in accord with the suggestion of Magoulas et al. (1993~) that glucose repression in the Amy gene is mediated by multiple, functionally redundant DNA elements contained in this region.
Recently, Choi and Yamazaki (1994) found that elements essential for full expression of the proximal Amy gene are located between -304 and -372 in the distal sequence. This region also seems necessary for the expression of the distal gene. The corresponding region of the proximal sequence is not required for full expression Downloaded from https://academic.oup.com/mbe/article-abstract/13/4/574/1055545 by guest on 25 April 2019 method underestimates the number of substitutions, especially those which occurred on long branches of the phylogenetic tree. Since region 1 is more diverged between groups, Type I substitutions in region 1 would be more underestimated than those in region 2. Finally, a conserved part (from -304 to -362) in the distal gene is included in region 2. Exclusion of this part from the analysis would have also increased the difference of the ratios between regions 1 and 2. divergence between the proximal and distal sequences Now we consider why the ratios were different. If only neutral substitutions occurred in the two regions with constant constraints, we would not have observed such a pattern of substitutions.
Since region 2 is divergent within groups (among species) and no putative regulatory elements are located in this region of the proximal genes, substitutions in this region are considered to be mostly neutral. Furthermore, some forces promoting of the proximal gene. The downstream part (from -304 to -362) of the region is well conserved among the distal sequences containing the putative regulatory elements (boxes VI and VII) but not so among the proximal sequences ( fig. 2) . Thus, the functional significance is well reflected in the sequence conservation in this region. This case would be an interesting example of regulatory elements diversified between members of a multigene family.
The proportion of Type I (between groups) to Type II (within groups) substitutions in region 1 was greater than that in region 2. In fact, this trend might have been even stronger. Firstly, gene conversions between the proximal and distal Amy coding regions (see Shibata and Yamazaki 1995; Inomata et al. 1995) would have reduced the number of Type I substitutions more in region 1 than in region 2. Secondly, in counting the number of substitutions, we did not correct for multiple hits. This advantageous mutations which differentiate the expressions of the proximal and distal genes occurred in region 1 after the duplication of the Amy gene. Such mutations would be fixed by selection more quickly than mutations which were fixed by random genetic drift. We think such selectively advantageous mutations will accumulate more likely in region 1 than in region 2. Firstly, region 1 is more conserved than region 2 within groups (proximal and distal) and many putative regulatory elements shown in figure 2 are in region 1. Secondly, Magoulas et al. (1993~) indicated existence of multiple, functionin region 1 seem to be at work. We consider two models ally redundant elements in region 1 of the proximal gene in D. melunogaster. Finally, Magoulas et al. (1993b) showed that the 330-bp promoter region of D. virilis amylase gene mediates glucose repression when it is to explain this pattern.
transiently expressed in D. melanogaster larvae. These observations indicate the functional importance of reIn the first model, adaptive fixations of selectively gion 1. Furthermore, the following lines of evidence suggest differential functions of the two Amy genes. Independent regulation of components of the duplicated Amy locus was found in larvae of D. melanogaster (Klarenberg et al. 1986 ). Also, Matsuo and Yamazaki (1986) showed that the duplicated Amy genes were in part differentially regulated. Therefore, region 1 seems to have more potential for adaptive evolution. This model can also explain the puzzling observation of Hickey et al. (1991) and Shibata and Yamazaki (1995) that concerted evolution is restricted to the coding regions. If Downloaded from https://academic.oup.com/mbe/article-abstract/13/4/574/1055545 by guest on 25 April 2019 the two genes are differentially regulated, homogenization of the regulating elements would be deleterious to individuals and they would be eliminated from the population. Consequently, the coding region cannot escape from concerted evolution, while the 5'-flanking region can.
In the second model, all or most substitutions are neutral but the constraints might have been strengthened in region 1 after the diversification of the species subgroup. One can argue that selective constraints on replacement substitutions were weakened during bottlenecks associated with speciation (an alternative described in McDonald and Kreitman 1991) . However, there is no reason to think that Drosophila has smaller populations before the divergence of the melanogaster species subgroup than after that. Moreover, this model cannot explain the independent evolution of the 5'-flanking region mentioned above. Thus, we consider the second model less likely than the first model.
In conclusion, our study suggests that adaptive evolution diversifying regulatory elements between the proximal and distal genes might have occurred in the region immediately 5' to the coding genes. We need to determine the locations and roles of c&regulatory elements involved by suitable molecular techniques such as transformation to elaborate this hypothesis in future studies. In addition, it would also be interesting to investigate variation within species in region 1 paying attention to these cis-regulatory elements. Such studies would provide a good opportunity to understand evolution of gene expression in multigene families.
